Abstract: Rapid urbanisation and the associated infrastructure development are creating a deficit of conventional construction materials and straining the natural resources. On the other hand, municipal solid waste (MSW) disposal poses a serious environmental problem. Landfilling of MSW is both costly and polluting. Incineration of MSW to generate energy is a commonly adopted approach. However, there are concerns associated with micro pollutants emitted from the combustion process. The carbon footprint of the process and the environmental cost-benefit balancing are disputable. There is clearly a need to adopt cost-effective alternatives to treat MSW. This paper proposes the potential application of "treated" MSW as an ingredient for construction materials. The treatment process involves placing MSW in an autoclave at 150 • C with 5 bars (0.5 MPa), followed by the separation of metals, plastics and glass for recycling purposes. The end-product, which is a semi-organic mixture (referred to as 'biomass'), is passed through a vortex-oscillation system, which makes it more uniform as a material. Compressive testing of Portland cement-based pastes containing 10% and 15% biomass shows consistency in the results, demonstrating the potential use of biomass in construction materials.
Introduction
Waste generation is an unavoidable by-product of human activities. Approximately 3.5 million tonnes of municipal solid waste (MSW) are generated daily on a global scale [1] . According to the United Nation's estimates, the current world population of 7.3 billion is expected to reach 9.7 billion by 2050 and 11.2 billion by 2100 [2] . An additional 2.5 billion people will add further pressure on the already fragile Earth's eco-system. Despite preventive measures of recovery, recycling and re-use of materials, waste generation is expected to increase. The magnitude of waste production in Australia was 2.2 tonnes per capita in 2010-2011 alone. Moreover, 60% of this generated waste was either recovered or recycled, with the remaining 40% sent for disposal in landfills [3] .
Landfills emit gases and leachate into the environment and waterways as the waste is degraded over time. This will have adverse effect on the ecological system. It is estimated that landfills contribute to about 20% of the global greenhouse gas (methane and carbon dioxide) emissions and leaching of toxic chemicals, such as mercury, arsenic, beryllium, boron, cadmium, lead, thallium and hydrocarbon compounds, into the environment [1, 2] . These emissions pose harmful threats to both human health and the environment [3, 4] . Furthermore, landfills cause nuisances, such as flies, odours, smoke and noise, while the increase in vermin surrounding landfills becomes an issue with other adverse health effects, such as birth defects, respiratory illnesses and even cancer [5, 6] .
Waste Composition
In Australia, construction and demolition waste (masonry material), organic wastes and fly ash are the largest waste streams, representing nearly two-thirds of waste generated in 2014-2015 [24] . Organic waste constitutes more than 45% of the average composition of MSW in more than 110 countries surveyed worldwide. If one excludes recyclable waste materials, such as paper (16.7%), plastic (10.1%), glass (4.7%) and metals (4.2%), organic waste, together with other "unidentified" waste (17.7%), constitutes more than two-thirds of MSW by composition. Other countries have similar numbers. For instance, the organic matter content of China's MSW exceeds 60%, and the water content is about 50% [25] . In India, analysis of MSW samples collected from a dumpsite consisted of 36% (by weight) bio-waste (food waste, yard waste, coconut waste) and around 30% recyclable materials (plastics, paper, cardboard and metals) [26] . The analysis of old MSW samples collected from the same site but different depths (3-4 m and 6-7 m) showed the dominance of plastics (25%-33%) and mixed 'organic' residue (28%-55%) [26] . In neighbouring Bangladesh, food and vegetable wastes are the main components (79% on average) of MSW [27] . An investigation of a total number of 160 Egyptian MSW samples indicated an average percentage composition of 54.4% food waste (organic) waste [28] . Biodegradable waste in European Union member states ranges from 19% in the United Kingdom (UK) to 49% in Greece [29] . Therefore, clearly, more than half of MSW in most countries can be classified as semi-organic, which is, at this time, either incinerated or dumped into landfills.
In the following sections, we will firstly review the published works on the use of waste in construction materials (WTC) . As it will be noted, industrial waste with highly variable composition has already been used as a raw material for construction materials. Secondly, we will describe a 'treatment process' to achieve the level of consistency needed for use as a part of construction materials. In sum, the treatment process includes a sanitising procedure and an automatic separation process of different types of recyclable materials. The appropriate waste product is then subjected to vortex-oscillation technology that will offer new physical effects in the form of dehydration, grinding and mixing via an efficient and cost-effective manner [30] . Lastly, to demonstrate the feasibility of using the non-recyclable MSW (referred to as 'biomass'), a random 'treated' sample of the material is characterised and then used as a part replacement for binder in a cement paste. Calorimetry of the mixes is then carried out, followed by compressive strength testing of the cement-based biomass samples.
Review of Waste to Construction: State of the Art
The principle of waste valorisation, circular economy and recycling organic waste is relevant to both developing and advanced economies with respect to answering their current waste management issues [31] . It is expected that, with the growing population and increased rate of agricultural productivity [32] , the organic waste supply will be ever more present. The interest in turning agricultural by-products (organic waste) into construction material is, however, nothing new [33] [34] [35] [36] [37] . There are many agri-waste-based building products that have successfully made their way into the construction industry [35, [37] [38] [39] , and the research and development in the area are continuing [39] . A comprehensive review of supplementary cementitious materials originating from agricultural waste is reported in [35] . Further, Akhtar and Patel [39] present a pertinent review of agro-industrial discards and invasive weed-based lignocelluloses as green building materials. Madurwar et al. [40] has equally presented a thorough review of the application of agro-waste in sustainable construction materials. The reader is encouraged to refer these recently published review papers for a detailed report on the status of research conducted on solid waste (including organic waste) intended as a construction material.
Typical Waste Materials Investigated
Progress in structural design and materials technology along with serious environmental concerns necessitate the use of composite materials that are lightweight, eco-friendly, cost effective and meet construction material requirements [40, 41] . These include material workability, strength, durability, thermal properties and acoustic insulation properties. Typical waste materials that have been investigated include rice husk [37] , ground coffee waste [42] , banana skin [34] , coconut shell [38] , coconut (Cocos nucifera) and durian (Durio zibethinus) fibres [43] , wood fibre waste [44, 45] , cellulose primary sludge generated on paper and pulp mills [46] , lignocellulite waste [47] , sisal fibres [48] , wool fibres [49] and carpet fibre [50] . Some investigators have considered human hair fibre [51] as additive cement-based products to improve the engineering properties of construction materials [51, 52] .
Typical Dosage of Waste as a Part Replacement of Raw Aggregates in Cementitious Mixes
The dosage of organic/semi-organic product into the cementitious matrix depends on the chemical and material characteristics of the waste product. It also depends on the construction material to be produced and its desired properties. Wolfe and Gjinolli [46] verify the possibility of producing fibre-cement sheets by replacing 25% of the conventional used virgin long fibre by primary effluent treatment cellulose sludge. Some researchers pre-treat the fibre wastes, mechanically and/or chemically, Sustainability 2019, 11, 2661 4 of 22 before mixing them with cement and the appropriate amount of water [47] . The waste treatment is done to reduce the tendency of fibres to absorb water and consequently overcome the side effects of exposing the composite end-product to humidity. Different chemical treating agents, based on organic and inorganic materials, are used, e.g., gelatine-hexamine mixture, sodium silicate and linseed oil [47] .
Effect of Addition of Waste into Binder
Experimental findings show that, in general, the addition of semi-organic or organic materials results in the decrease of workability and density of cement-based products [50] . Consequently, their mechanical properties, such as modulus of elasticity and compressive strength decrease with the increased dosage of waste content [53] [54] [55] . The decrease in strength with the increase in fibre content is due to the fact that fibres have a comparatively lower density, and some can appear as voids in comparison with the parent material [55] . Depending on the binder material and intended use, some authors have reported that some fibres increase the strength and stiffness of the mixture, thus making it a good material for construction [51] .
Waste fibres, however, significantly improve the splitting tensile strength, fracture energy and cracking behaviour [48] . The reason for the improved tensile strength is the bonding interaction between the fibre and the binder matrix. When enough fibres are present in the matrix, the level of ductility and the post-cracking performance of the material is expected to improve. It is demonstrated that the peak strength may exceed the strength at first cracking by a factor of two or more, depending on the volume fraction of fibres and their strength [48] . Some explanation of the bonding and microstructural behaviour (under load) of wood fibre-reinforced cement products and their performance in service is presented in [56] . It is also commonly known that adding organic fibres improve other material properties, such as thermal properties and acoustics.
Proposed MSW Treatment Process
A method for stabilising physically unstable organic wastes comprised of non-biological, organic, water insoluble compounds, usually dispersed in water, was proposed a while back [57] . The intention was to form environmentally acceptable, impermeable, load-bearing materials [58, 59] . However, the progress in this area has been slow because of the labour-intensive nature of the work and the cost associated with its treatment. The variability in the material quality, difficulty of using established manufacturing practices [59] and the odour due to volatile sulfuric compounds [60, 61] have been some of the hurdles. The construction industry finds it difficult to uptake raw materials with variability in their compositions and material contamination [62, 63] . Naturally, the variability in the composition of the material brings about uncertainty and increases the level of risk in successfully completing the construction work. This clearly becomes a management issue, which the builders and contractor would like to avoid. Therefore, it is less troublesome to deal with organic waste by landfilling and composting [64] rather than recycling and re-use.
There are two stages of the treatment process: the first stage essentially consists of cutting, sterilising and sorting, and the second one is composed of the grinding, mixing and drying processes.
Stage 1: Cutting, Sterilising and Sorting Figure 1 presents the innovative processes involved in stage 1. Essentially, MSW is transferred to a 'dirty zone' using waste collection trucks. The reader should note that the process for treatment of waste retrieved from landfills is essentially the same. An example of an established process as described in stage 1 has recently been published on Australian Broadcasting Corporation (ABC) news' website [64] . MSW is transferred via conveyor belts to a shredder, which cuts the materials to smaller size for easier manipulation and further processing. The shredded material is then transferred to steam autoclave router machines. The purpose of autoclaving MSW is to physically treat it before processing. The autoclave system operates under conditions of saturated steam with the pressure reaching 5 bars or 0.5 MPa and temperatures up to 150 °C. Under these conditions, the microorganisms or their spores are eliminated. Background to the autoclave process is provided in [65, 66] . The invention of the autoclave steriliser is attributed to Charles Chamberland in 1879. The process described here is similar to that used to sterilise and sort medical waste [67] . For sterilisation purposes, the steam is generated in separate steam units that are completely sealed. This means that no water is released into the environment at this stage. Because the material's biodegradable fraction undergoes physical changes, it becomes easier for various elements to separate. In addition, because sludge is separated in the process settling down, the final volume of MSW is significantly reduced. Once out of the autoclaving process, MSW is still hotter than the surrounding environment and while it is transferred to other units for further sorting, the sterile water evaporates, leaving the material semi-dry. Thereafter, MSW is transferred through the feeder to technologically advanced separators. These separators use advanced sensing technology and optics to identify different materials. The metals, plastics and glass are separated, respectively, for recycling. The end-product, which is a semiorganic mixture referred to as the 'biomass', is collected. Therefore, the separation of the recyclable part of MSW leaves the mostly organic or semi-organic portion of the waste to be treated.
Stage 2: Grinding, Mixing and Drying
The second stage consists of subjecting the appropriate waste material to vortex-oscillation technology, which offers additional physical effects, such as dehydration, grinding and mixing through an efficient and cost-effective manner. The technology is currently in demand in most manufacturing industries that require making products to a uniform consistency. Attempting to turn any waste materials and industrial by-products into a raw construction material requires consistency in material composition, particle size distribution and moisture content [27] . There are already automated systems in place for drying, mixing and grinding products in different industries, such as in cement manufacturing and agribusiness. However, advanced vortex-oscillation technology is a device that mechanically generates powerful vortices, acoustic shock, cavitation and pressure differentials in new generation equipment that is highly-efficient with low energy input, proven commercial reliability and relatively inexpensive costs [68] .
The system is based on the effect of a wavy flow on the motion of a particle (waste) in air. The flow waviness decreases the hydrodynamic or aerodynamic drag and generates a forward thrust. The physics of this phenomenon are reported by Platzer and Sorokodum [69] . The apparatus for granulating materials without any grinding is well known. The working principle for this is well described in [70] . In such an apparatus, the air stream at high pressure, together with the material to MSW is transferred via conveyor belts to a shredder, which cuts the materials to smaller size for easier manipulation and further processing. The shredded material is then transferred to steam autoclave router machines. The purpose of autoclaving MSW is to physically treat it before processing. The autoclave system operates under conditions of saturated steam with the pressure reaching 5 bars or 0.5 MPa and temperatures up to 150 • C. Under these conditions, the microorganisms or their spores are eliminated. Background to the autoclave process is provided in [65, 66] . The invention of the autoclave steriliser is attributed to Charles Chamberland in 1879. The process described here is similar to that used to sterilise and sort medical waste [67] . For sterilisation purposes, the steam is generated in separate steam units that are completely sealed. This means that no water is released into the environment at this stage. Because the material's biodegradable fraction undergoes physical changes, it becomes easier for various elements to separate. In addition, because sludge is separated in the process settling down, the final volume of MSW is significantly reduced. Once out of the autoclaving process, MSW is still hotter than the surrounding environment and while it is transferred to other units for further sorting, the sterile water evaporates, leaving the material semi-dry. Thereafter, MSW is transferred through the feeder to technologically advanced separators. These separators use advanced sensing technology and optics to identify different materials. The metals, plastics and glass are separated, respectively, for recycling. The end-product, which is a semi-organic mixture referred to as the 'biomass', is collected. Therefore, the separation of the recyclable part of MSW leaves the mostly organic or semi-organic portion of the waste to be treated.
Stage 2: Grinding, Mixing and Drying The second stage consists of subjecting the appropriate waste material to vortex-oscillation technology, which offers additional physical effects, such as dehydration, grinding and mixing through an efficient and cost-effective manner. The technology is currently in demand in most manufacturing industries that require making products to a uniform consistency. Attempting to turn any waste materials and industrial by-products into a raw construction material requires consistency in material composition, particle size distribution and moisture content [27] . There are already automated systems in place for drying, mixing and grinding products in different industries, such as in cement manufacturing and agribusiness. However, advanced vortex-oscillation technology is a device that mechanically generates powerful vortices, acoustic shock, cavitation and pressure differentials in new generation equipment that is highly-efficient with low energy input, proven commercial reliability and relatively inexpensive costs [68] .
The system is based on the effect of a wavy flow on the motion of a particle (waste) in air. The flow waviness decreases the hydrodynamic or aerodynamic drag and generates a forward thrust. The physics of this phenomenon are reported by Platzer and Sorokodum [69] . The apparatus for granulating materials without any grinding is well known. The working principle for this is well described in [70] . In such an apparatus, the air stream at high pressure, together with the material to be granulated, is fed into a cyclone chamber. A vortex formed within the chamber entraps the material and subjects it to violent turbulence, thereby causing it to break up through collision and self-abrasion. However, the apparatus as described in [68] is capable of processing very hard materials efficiently whilst minimising wear of the fan and the walls of the conduit. It creates a cyclone in air stream passing through a conduit of circular section. The centripetal forces created by the motion of the air stream pull any particulate material entrained in the air stream away from the walls of the conduit. With a wide range of sonic frequencies within the conduit, a pattern of powerful vortices is created in the air stream. The formation of regions of space with high vorticity is characterised by a high dissipation of kinetic energy. Due to the conversion, potential-to-kinetic energy stresses are created within the cyclone at the particle level, which causes minute explosions. The vortices of the cyclone take the form of implosions, which can break the material up further into smaller particles.
A schematic drawing of a typical vortex-oscillation system housed in a sound proof container box and other components are presented in Figure 2 . The nature of the machine is such that it produces significant noise that can be more than 120 dB. To enable the use of such a machine in general commercial applications and bring the noise level down to about 85 dB, it is housed in an aero-acoustic processing machine surrounded by at least one layer of noise attenuation materials [71] . The housing is equipped with an air impeller to draw air and material to be processed through an axial inlet system, expelling the air and processed material through a transverse outlet or exhaust port for outputting processed product with air. The airflow paths that are required for the operation of the aero-acoustic processing machine are provided to enable airflow into the housing whilst significantly reducing the noise emission [71] . The untreated/raw material is fed into the system through a conveyor belt to an inlet opening located at the top of the container. The pulverised material then falls under self-weight though a narrow opening where it is collected in boxes.
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Materials and Methods

Biomass Characterisation Methodology
For the work presented herein, the manufacturer for the vortex machine used for biomass processing is Vortex Industrial Solutions Ltd. at Kilsyth [71] . Operating with the latest impeller design and electrical control configuration, the vortex peak efficiency for processing biomass is reached at 3300 rpm driven by a 500 kw electric motor drawing 44,000 cubic feet per minute (1246 m 3/ min) through the processing inlet.
Chemicals
All chemicals used were purchased from Sigma-Aldrich Chemicals Co. The chemicals were of analytical reagent (AR) grade and were used without any further purification. Throughout the 
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Biomass Characterisation Methodology
For the work presented herein, the manufacturer for the vortex machine used for biomass processing is Vortex Industrial Solutions Ltd. at Kilsyth [71] . Operating with the latest impeller design and electrical control configuration, the vortex peak efficiency for processing biomass is reached at 3300 rpm driven by a 500 kw electric motor drawing 44,000 cubic feet per minute (1246 m 3 /min) through the processing inlet.
Chemicals
Characterisation Techniques
The vortex-processed biomass sample was characterised for its elemental contents using wavelength dispersive X-ray fluorescence (WD-XRF), which was conducted on a Bruker S4 pioneer X-ray spectrometer. Gas chromatography-mass spectrometry (GC-MS) was performed on a CP-3800 Saturn 2200 GC-MS with a polar column operated at maximum of 250 • C with a 10 • C/min ramp rate. The column was an Agilent HR-GC column (DB-VRX) with a 30 m length, 0.25 mm diameter and 1.4 µm wall thickness. The sample was first digested in dichloromethane (DCM) and then in hexane. The mass spectra data were analysed using National Institute of Standards and Technology (NIST) library match (NIST MS Search 2.0). A single-bounce diamond-attenuated total reflectance (ATR) attachment on a mid-infrared (MIR) was used for ATR-FTIR analysis. The instrument was a Spectrum 100 spectrometer (Perkin Elmer, Waltham, MA, USA). The scan range was set to 400-4000 cm −1 with a resolution of 4 cm −1 . Approximately 0.4 g of the sample was used for each sample, and the scans were repeated four times across the sample before taking the mean of these results as the final value. Prior to taking a reading, the pressure applied on the diamond crystal was such that the spectral bands obtained were of high strength with a transmittance intensity of >80%. This ensured a good sample/crystal interface contact. The moisture content was determined by placing 0.766 g of the sample at 105 • C for 24 h and observing the mass difference therein. The ash content of the sample was determined through heating the sample to 750 • C for a period of 3 and 10 h in air and recording the mass difference at each timepoint. To find out the content of the material that would degrade and leave the sample in the presence and absence of oxygen, thermal gravimetric analysis (TGA) was performed under both nitrogen and air atmospheres, using a Perkin Elmer Hyphenated TGA instrument. X-ray diffraction (XRD) was performed using the D8 Advance (from Bruker) with a Cu K-alpha radiation source (λ = 0.154 nm). The XRD patterns were collected over a 2θ range of 10-80 • with a step size of 0.02 • and step time of 1 s per point. In order to determine how much metal actually leached out of the sample and into the acid, 195 mg of the sample was dissolved in aqua regia solution (1:3 volume ratio of concentrated acids of HNO 3 /HCl) for a 24 h period. The soluble metal/oxide content of the sample was estimated using a microwave plasma atomic emission spectrometer (MP-AES) system (4200 MP-AES, Agilent). The pH and conductivity measurements were conducted by first dissolving 0.5 g of solid in 25 mL of water followed by probe measurements. Calorimetry was performed with a calorimeter to measure the heat generated from the sample when undergoing a combustion reaction. Approximately 0.53 g of the sample was combusted.
Experiments on Biomass Paste
Isothermal Calorimetry
The biomass processed by the vortex was further mixed with reference cement to produce paste samples for testing. The hydration of the pastes containing biomass was investigated by monitoring the hydration heat using a TAM Air 8-channel isothermal calorimeter. The testing samples were cement pastes with a vortex-processed biomass replacement ratio of 0%, 10%, 15% and 20%. Details of the reference cement are provided in the following section. They were prepared according to the mix proportions in Table 1 . Note: The total binder is considered to be the total amount of reference cement and biomass in the paste. As the hydration heat was captured by the isothermal calorimeter under a constant temperature of 23 • C, all the materials before mixing were kept in the room at a temperature of 23 • C for 24 h. The cement pastes were manually mixed by using a wooden stick for 7 min. Immediately after the mixing of each sample, the sample was injected into a glass ampoule with a cap on and loaded into the calorimeter. The calorimeter measured the hydration heat and heat flow continuously over time until it was stopped after 90 h from the loading of samples.
For comparison between the different samples, the recorded hydration heat and heat flow of each sample were normalised by dividing by the total mass of dry materials. The maximum heat of hydration for each sample was found at the time when the heat flow became stable and close to zero. The difference of hydration heat between the reference cement and each paste sample divided by the hydration heat of the reference cement paste was calculated as the reduction percentage compared with the reference sample.
The experiments in this research used reference cement supplied by Cement Australia. The chemical composition and the particle size distribution of the reference cement are presented in Table 2 and Figure 3 , respectively. The biomass fibre provided by Bioelectra Pty Ltd. was processed by the vortex machine. The material properties of the biomass fibre are presented in Section 5. For comparison between the different samples, the recorded hydration heat and heat flow of each sample were normalised by dividing by the total mass of dry materials. The maximum heat of hydration for each sample was found at the time when the heat flow became stable and close to zero. The difference of hydration heat between the reference cement and each paste sample divided by the 
Mechanical Testing
The compressive strength testing was conducted at 7, 14 and 28 days by using a Technotest compression testing machine. Cement cubes of 50cm × 50cm × 50cm were prepared for the testing based on the mix design presented in Table 3 . Vortex-processed biomass was used to replace the reference cement by 0%, 10%, 15% and 20%, respectively, in the mixes. 
Results
Optical Characterisation
The optical image of the vortex-processed biomass (VPB) sample is shown in Figure 4 . It can be observed that VPB is a fibrous material in the micrometre-to-millimetre size range. Due to the organic contents and fibrous nature of VPB, no electron microscope characterisation could be performed. testing based on the mix design presented in Table 3 . Vortex-processed biomass was used to replace the reference cement by 0%, 10%, 15% and 20%, respectively, in the mixes. 
Results
Optical Characterisation
The optical image of the vortex-processed biomass (VPB) sample is shown in Figure 4 . It can be observed that VPB is a fibrous material in the micrometre-to-millimetre size range. Due to the organic contents and fibrous nature of VPB, no electron microscope characterisation could be performed. Optical microscope image of (a) vortex-processed biomass (VPB) sample in a plastic bag, (b) VPB sample on white paper and (c) higher magnification of the biomass material on paper.
Elemental/Oxides Analysis
The VPB sample was characterised for its elemental contents using WD-XRF. The data obtained is shown in Table 4 .
It can be observed that VPB mostly contains Si, Ca and Fe, with the remaining mass being carbon-based materials. It should be noted that the absence of an element in Table 4 (except for carbon) indicates its absence in the sample. The data suggests that VPB's constituents could be ideal as a part replacement material in some construction materials. Optical microscope image of (a) vortex-processed biomass (VPB) sample in a plastic bag, (b) VPB sample on white paper and (c) higher magnification of the biomass material on paper.
The VPB sample was characterised for its elemental contents using WD-XRF. The data obtained is shown in Table 4 . It can be observed that VPB mostly contains Si, Ca and Fe, with the remaining mass being carbon-based materials. It should be noted that the absence of an element in Table 4 (except for carbon) indicates its absence in the sample. The data suggests that VPB's constituents could be ideal as a part replacement material in some construction materials.
Organic Compound Separation
GC-MS was performed to identify different substances that were present in the VPB sample. The two strong solvents used to extract the organic species were hexane and dichloromethane. The GC and the respective MS for some of the compounds are shown in Figure 5 . There were over 14 of such substances observed in the GC data. The mass spectra for two regions (as indicated in the GC panels) are also shown. The data shows that the substances that are dissolved in each solvent have high retention times and so are expected to be of high molecular weights. Using the NIST library match (see Section 4), it was clear that the large molecular weight compounds (extracted in both DCM and hexane at times) were present in the VPB sample. Sustainability 2019, 11, x FOR PEER REVIEW 11 of 22 
Moisture Content
The presence of moisture in the VPB sample was confirmed through ATR-FTIR technique. Figure 6 shows the ATR-FTIR spectra of the VPB sample in which a big moisture peak observed at 3500-3300 cm −1 is attributed to moisture. The peaks at the lower wavenumbers represent substances with other functional groups. The peaks at 1020-1220 cm −1 could be attributed to alkyl amines, whereas the strong peak at 1026 cm −1 can be attributed to C-O functional groups. The strong peak at 1420 cm −1 could be attributed to alkanes. 
The presence of moisture in the VPB sample was confirmed through ATR-FTIR technique. Figure 6 shows the ATR-FTIR spectra of the VPB sample in which a big moisture peak observed at 3500-3300 cm −1 is attributed to moisture. The peaks at the lower wavenumbers represent substances with other functional groups. The peaks at 1020-1220 cm −1 could be attributed to alkyl amines, whereas the strong peak at 1026 cm −1 can be attributed to C-O functional groups. The strong peak at 1420 cm −1 could be attributed to alkanes. Once the presence of moisture was confirmed, the quantity of moisture was measured by heating the sample and observing the mass difference. The data from the experiment are shown in Table 5 .
Assuming all mass lost was due to moisture (accepted in usual biomass moisture tests), then the moisture content of the VPB sample is observed to be 11.0%. 
Sample Degradation (Ash Content)
It is expected that most volatile/organic substances would decompose at high temperatures. Therefore, the VPB sample was heated to 750 • C for 10 h in air to observe the amount of material that would be left behind after such an intense sintering process. The data are presented in Table 6 . It is observed that 61% of the material was decomposable, whereas the other 39% was stable even after intense heat treatments. To determine the content of the material that would degrade and leave the VPB sample in different conditions, TGA analysis was performed on the "as is" VPB under both nitrogen and air atmospheres, the results of which are shown in Figures 7a and 7b , respectively. To obtain a better understanding of the amount of material that decomposed off the material, the sample was "ground up" into fine particles. It was observed that the moisture content contributed to the sticking of the finer particles when the grinding process was undertaken. TGA analysis of the "as is" VPB sample under (a) nitrogen gas and (b) air atmospheres; TGA of (c) "ground up" VPB under air atmosphere.
Crystal Components Analysis
To determine if any crystalline material were present, the VPB sample was characterised by XRD using the Bruker D4 Endeavour system. The data are shown in Figure 8 . It can be observed that crystalline substances are present in the material. The library search showed the presence of CaO (calcium oxide JCPDS card no: 28-0775), Fe2O3 (magnetite-C JCPDS card no: 39-1346) and Ca4Fe9O17 (calcium iron oxide JCPDS card no: 75-2421), in addition to other crystalline substances. The "ground up" VPB sample was then analysed by TGA under air. It was found that the mass loss/decomposition behaviour of the VPB sample under N2 gas was different than that under air. The mass loss under nitrogen and air were estimated at~20% and~40%, respectively. In the nitrogen atmosphere, the products were formed through anaerobic reactions only due to the lack of oxygen molecules, and hence, no combustion reactions could occur. Therefore, the low rate of mass loss under the nitrogen atmosphere is attributed to the halting of the combustion reactions. This is evident when observing the TGA analysis of the ground VPB sample in Figure 7c . The higher surface area of the crushed sample allows for a higher combustion rate compared with the "as is" VPB sample due to better interaction with the oxygen molecules from the air. The derivative line (blue line with right axis) shows the temperatures at which the main mass loss occurred. It can be observed that a significant mass loss occurred between 300 and 500 • C under both nitrogen and air atmospheres.
To determine if any crystalline material were present, the VPB sample was characterised by XRD using the Bruker D4 Endeavour system. The data are shown in Figure 8 . It can be observed that crystalline substances are present in the material. The library search showed the presence of CaO (calcium oxide JCPDS card no: 28-0775), Fe 2 O 3 (magnetite-C JCPDS card no: 39-1346) and Ca 4 Fe 9 O 17 (calcium iron oxide JCPDS card no: 75-2421), in addition to other crystalline substances.
To 
Proportion of Dissolvable Solids
It is essential that suitable leachate analysis is undertaken on raw materials used for developing construction materials before large-scale production is approved.
In this study, a strong leaching acid, namely, aqua regia (1:3 concentrated acids of HCl/HNO 3 mixture) was used on the VPB sample for a 24 h period. The concentration of each metal dissolved in the mixed acid obtained from MP-AES analysis is shown in Table 7 . It was found that the heavy and toxic metals concentrations were either zero or insignificant from a construction materials' safety limits point of view. This indicates that the VPB can be used as a part replacement material when developing construction materials. 
Summary of the Material Characterisation
The material characterisation of the vortex-processed biomass (VPB) sample identified by the tests in this section is summarised and presented in the Table 8 . Furthermore, the pH and electrical conductivity of the VPB sample was found to be 9.17 and 3.66 mS/cm, respectively. The calorimetric value for VPB was found to be 12.864 MJ/kg, which was a significant improvement over the value of 8.6 MJ/kg, which was obtained for the biomass prior to the vortex process. The higher calorimetric value is attributed to the relatively reduced moisture content of the VPB, thus losing relatively lower energy in heating and vaporisation of the moisture content. Details are shown in Table 9 . * pH and conductivity were determined by dissolving 0.5 g of solid in 25 mL of water followed by measurements due to the nature of the sample.
Heat of Hydration
The monitored heat of hydration for cement pastes with a biomass replacement ratio of 0%, 10%, 15% and 20% are presented in Figures 9 and 10 . Figure 9 shows the normalised heat flow, which indicates the rate of released hydration heat. There are several peaks in each heat flow curve. The first peaks of all the pastes showing high rates of hydration heat can be clearly observed in Figure 9b . The first peak represents the dissolution of the surface of the cement particles, mainly involving the hydration of C 3 A (tri-calcium aluminate, 3CaO.Al 2 O 3 ). The first peak of paste containing 10% biomass had a similar height as that of the reference cement paste. Except in that case, with the increase of the biomass percentage in the paste, the height of first peak decreased, indicating a lower rate of hydration heat. As can be seen in Figure 9 (a), the increase of biomass percentage in the paste caused more retardation of the occurrence of the second peak. As the second peak is associated with the setting of pastes, the setting of pastes was delayed with the increase of the biomass ratio. Figure 9 (a) shows that the pure reference cement paste has a third peak following the second peak, while pastes containing biomass do not have a third peak in their heat flow curves. The heat flow curves of the cement with biomass have lower heights compared with that of reference cement paste. A higher biomass replacement level causes the lower height of the heat flow curve. This indicates that the increase of biomass in the cement paste could result in a lower rate of hydration during the 90 h from the beginning of the hydration. Figure 10 shows the cumulative heat of hydration over time for all the pastes. The heat of hydration for pastes with biomass is much lower than that of the reference cement pastes. A higher biomass percentage contributed to the lower hydration heat. Different from the hydration heat curve of the reference cement paste, which is increasing continuously, the hydration heat curve is quite flat from 0 up to 20 h for pastes with 10% and 15% biomass. The heat of hydration curve for pastes with 20% biomass is nearly flat from 0 to 45 h. This indicates that the hydration of the pastes with biomass during these periods was very slow and even was not increasing.
As the increase of hydration heat is not noticeable after 3 or 4 days of hydration, the maximum heat of hydration for all the pastes could be found and are presented in Table 10 for comparison. The hydration heat of pastes with 10% and 15% biomass was decreased up to 24.53% and 30.8%, respectively. The hydration heat of pastes was reduced up to 50.88% when the biomass replacement level reached 20%. 
Compressive Strength Development
The compressive strength for the reference paste (Ref) and 10% and 15% BM paste samples at 7, As can be seen in Figure 9a , the increase of biomass percentage in the paste caused more retardation of the occurrence of the second peak. As the second peak is associated with the setting of pastes, the setting of pastes was delayed with the increase of the biomass ratio. Figure 9a shows that the pure reference cement paste has a third peak following the second peak, while pastes containing biomass do not have a third peak in their heat flow curves. The heat flow curves of the cement with biomass have lower heights compared with that of reference cement paste. A higher biomass replacement level causes the lower height of the heat flow curve. This indicates that the increase of biomass in the cement paste could result in a lower rate of hydration during the 90 h from the beginning of the hydration. Figure 10 shows the cumulative heat of hydration over time for all the pastes. The heat of hydration for pastes with biomass is much lower than that of the reference cement pastes. A higher biomass percentage contributed to the lower hydration heat. Different from the hydration heat curve of the reference cement paste, which is increasing continuously, the hydration heat curve is quite flat from 0 up to 20 h for pastes with 10% and 15% biomass. The heat of hydration curve for pastes with 20% biomass is nearly flat from 0 to 45 h. This indicates that the hydration of the pastes with biomass during these periods was very slow and even was not increasing.
The compressive strength for the reference paste (Ref) and 10% and 15% BM paste samples at 7, 14 and 28 days are presented in Figure 11 . Three samples for each type of paste were tested, as indicated by the datapoints presented in Figure 11 . The results show that the strength of the samples consistently increased between 7 and 28 days. The strength of the reference sample without any biomass was the highest, and its rate of increase (as indicated by the gradient of the line) was also higher. Figure 11 clearly indicates that with the addition of the biomass, the strength of the paste decreased and the rate of the strength gain was milder. This result was expected, because the volume of cement was reduced and the biomass acts as a filler. However, the biomass-based pastes exhibited a gradual drop in the applied load at failure when compared with the plain mortar, which indicates higher ductility of the material. The sample deformations and elasticity were not measured in these preliminary tests and will be the subject of follow-up work. However, the significant finding here, as depicted in Figure 11 , is that the datapoints for the cement pastes containing different levels of biomass at each testing stage are very close to each other (indicating lower standard deviation) and that test results are very consistent, indicating a very small discrepancy in strength results.
The results presented indicate that with the proposed treatment process, it is possible to incorporate biomass to produce value-added materials that can be used towards construction. However, it should be noted that this paper presents exploratory investigation in which a small portion of the cement mass has been replaced by biomass. There have not been any attempts for mixoptimisation, including the use of available chemical additives to improve the engineering properties. These issues will form the basis for follow-up investigations.
Implications of the Proposed Methodology and Challenges
The two-step method prescribed herein relies on the most advanced technologies in the field for the processing of MSW. The process turns MSW into biomass with a consistency that can be considered for use in value-added materials in the construction industry. The problem of MSW management, processing and re-use is common in countries with both advanced and developing economies. While most nations can readily afford the technologies described, any valuation of the proposed methodology must integrate the socio-economic context of the processes to be comprehensive. Ongoing health hazards due to environmental pollution and the social nuisance of the disposal of MSW are a burden to the global economy. Therefore, a radical approach, such as the one proposed in this paper, is needed to minimise the disposal burden of MSW. Successful use of biomass as a construction material will turn MSW into a commodity that is available everywhere in the world.
Similar to any other new technology, there will be numerous challenges ahead mostly associated with adopting the use of biomass as "raw" ingredient for construction products. For instance, seasonal changes in the type of produce will cause variability in the composition of biomass. Other issues will include variability in terms of socio-geographic and cultural contexts. All of these can be dealt with in due course, but certainly further research and development work will be necessary.
Conclusions
The accumulation of MSW is an obvious worldwide environmental concern. It is demonstrated in this paper that the recycling of MSW in the form of an environmentally friendly construction material is a feasible solution. With technological advances and the MSW treatment methods It should be noted that when the biomass replacement ratio of cement is increased to 20%, the samples did not gain enough strength, even after 28 days, to be tested under compression. The material in the paste did not bind together and appeared to still be wet. It can be concluded from these observations that the maximum dosage of vortex-treated biomass that can be used in a paste is not larger than 15%. The reader should note that here no extra additives were tested, nor was the purpose of the work to optimise the mix for a suitable application. This will certainly constitute the subject of future investigation.
However, the significant finding here, as depicted in Figure 11 , is that the datapoints for the cement pastes containing different levels of biomass at each testing stage are very close to each other (indicating lower standard deviation) and that test results are very consistent, indicating a very small discrepancy in strength results.
The results presented indicate that with the proposed treatment process, it is possible to incorporate biomass to produce value-added materials that can be used towards construction. However, it should be noted that this paper presents exploratory investigation in which a small portion of the cement mass has been replaced by biomass. There have not been any attempts for mix-optimisation, including the use of available chemical additives to improve the engineering properties. These issues will form the basis for follow-up investigations.
Implications of the Proposed Methodology and Challenges
Conclusions
The accumulation of MSW is an obvious worldwide environmental concern. It is demonstrated in this paper that the recycling of MSW in the form of an environmentally friendly construction material is a feasible solution. With technological advances and the MSW treatment methods described in this paper, it is possible to process MSW with a level of consistency such that it can subsequently be used as a raw material in a value-added construction material. The cost of natural resource conservation and pollution treatment far outweigh the two-step treatment prescribed herein. Recent publications from various countries around the world reporting on MSW composition, treatment and environmental concerns are summarised in this paper. The waste composition varies and depend on the socio-cultural setting. It is found that generally more than 1/3 of MSW is organic-type waste (biomass), which is non-recyclable and is either incinerated or disposed of in landfills. Both approaches have environmental concerns. However, a review of literature indicates that agro-wastes and industrial wastes have already been used to enhance mechanical properties and as energy efficient and cost-effective sustainable construction materials. To demonstrate the suitability of the material, a sample of biomass was characterised and subsequently used as a part replacement in cement to assess the hydration kinetics and strength evolution of sample pastes. The results overwhelmingly indicate that, despite the expected reduction in compressive strength results, biomass can be used as a construction material.
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